catalyzed by RNase B appears to be no different than for RNase A, it has been reported (10) that RNase B can efficiently and completely hydrolyze double-stranded RNA at ionic strengths where RNase A has virtually no activity.
The growth and preliminary x-ray analysis of two crystal forms of RNase B were reported by Rubin et al. (11) and by Brayer and McPherson (12) . Both were of space group P2, but had otherwise different unit cell parameters. We report here the growth of a third form of RNase B crystal, its structure determination by molecular replacement, and its structure refinement by constrained-restrained least squares procedures.
MATERIALS AND METHODS'

RESULTS
From the diamond plate crystals shown in Fig. 2 , diffraction patterns exemplified by that shown in Fig. 3 were obtained. The reflections appeared to fall on a rectangular net, but additional photographs proved the reciprocal lattice to have only mirror symmetry. Closer inspection showed the real lattice to be monoclinic with a @ angle of 90.4" and a = 101.81 A, b = 33. 36 A, and c = 73.60 A. Systematic absence of reflections h + k # 2n implied the space group of the crystals to be C2. The volume of the unit cell is 2.50 x lo5 A3 and it contains four asymmetric units. T o fall within the range of values for the densities of most protein crystals (25) and to be consistent with values determined for other forms of RNase crystals (26, 27) , it was assumed that there were two molecules of RNase B per asymmetric unit. This yielded a value for V,,, of 2.23 A3/dalton. Diffraction patterns from the crystals extended to well beyond 2.2-8, resolution with little decline in average intensity. They decayed imperceptibly with exposure time and were in every way ideal crystals for diffraction analysis. The presence of two independent molecules of RNase B in the asymmetric unit of the monoclinic Crystals increased the complexity of interpretation of the rotation and translation functions since two independent solutions were simultaneously present. Given two molecules per asymmetric unit, the rotation function should have yielded two distinct peaks if the orientations of the two molecules within the asymmetric unit were unique. Fig. 4 illustrates the -rotation function results using the data to 3.0-A with a 19-A cutoff radius for calculation of intramolecular vectors in Patterson space. The single peak observed in this function suggested that the ori-~~~~ ' Portions of this paper (including "Materials and Methods" and an additional Table I ) are presented in miniprint at the end of this paper. Miniprint is easily read with the aid of a standard magnifying glass. Full size photocopies are available from the Journal of Biological Chemistry, 9650 Rockville Pike, Bethesda, MD 20814. Request Document No. 87-M0705, cite the authors, and include a check or money order for $1.60 per set of photocopies. Full size photocopies are also included in the microfilm edition of the Journal that is available from Waverly Press.
entations of the two molecules might be similar. The orientational and translational parameters for each of the two molecules were determined by first using the rotation solution indicated in Fig. 4 to obtain a translation solution. Using the orientation implied by the peak in Fig. 4 , two peaks in the translation map corresponding to this orientation were considered possible (the peaks with heights greater than three times the standard deviation of the map). The correct translation to apply to the known model was determined via an analysis of the packing in the unit cell. Only one of the positions did not result in overlap or prohibitively close intermolecular contacts. The resulting rotation/translation solution was applied to the known model to generate a unit cell containing one molecule correctly oriented and positioned. This initial model containing only one molecule in the asymmetric unit was then refined against the observed amplitudes as a rigid body (ie. five refinable parameters, x, z, and three Eulerian angles) using the least squares refinement program CORELS. Refinement was carried out in five stages using the data in increasingly higher ranges of resolution until, at the last stage, the model was refined against the observed data from 10.0 to 3.0 A. Convergence was obtained a t each stage before continuing to the next. All data greater than zero were used for these refinements. The final R factor for the rigid body refinement using the 10.0-3.0-A data with only one molecule in the model was 0.497. Difference coefficients I Fob I -I Fcale I were computed where I Fcalc 1 were the amplitudes calculated from the model with only one molecule in the unit cell. These difference coefficients were then employed as the "observed" coefficients for a new rotation function calculation. Fig. 4 also illustrates the result of the calculated rotation function using difference coefficients. Subsequent use of the orientation indicated by the major rotation function peak in a translation function map yielded several peaks. Only one of the peaks, however, resulted in acceptable packing. This rotation/translation solution for molecule two was refined as a rigid body as described for molecule one, yielding an R factor for the 10.0-3.0-A data of 0.526. At this point, the x and z coordinates for each of the two molecules had been independently refined, but. the relative y coordinate remained unsolved. To accomplish thi!, the relative y coordinate of one molecule was varied in 1.0-A increments over one unit cell. At each step in y through the unit cell, both molecules were simultaneously refined as rigid bodies using the 10.0-6.0-A data until convergence was reached. The maximum R factor recorded throughout this process was 0.58 and the minimum was 0.41. The relative y positions of the two molecules were fixed at that yielding the minimum R factor. Further rigid body refinement reduced R to 0.36.
To confirm that the orientations and positions of the two molecules in the unit cell were correct, the heavy atom derivative data was employed. Difference Fourier maps were calculated of the PtBr2(NH& derivative using phases from the model as refined at 3.0-A resolution. Because data to only 3.5 A had been collected on the platinum derivative, the difference Fourier map extended only to that resolution. The two highest peaks in the difference Fourier map were both approximately three times the height of any other peaks in the difference Fourier and were 6.3 and 6.0 times the standard deviation of the map. In addition, the positions of the two peaks correlated precisely with the corresponding difference Patterson synthesis. Each peak fell 3.2 A from a sulfur of methionine 29 on each of the two putative molecules in the asymmetric unit. The affinity of platinum for Met-29 was previously reported by Wyckoff et al. (28) Similar difference Fourier maps were calculated, using the same phases, for the iodouridine derivative which had been recorded only to 5.0-A resolution. The binding of 5-iodouridine at the active site of RNase, as determined crystallographically, was described by Richards and Wyckoff ( Z ) , Wodak et al. (32) , and Mitsui and Wyckoff (30) . The two highest peaks in the difference Fourier were 5.0 and 4.9 times the standard deviation of the difference map and corresponded precisely to the pyrimidine binding site (site B1 in the notation of Wyckoff et al. (28) ) on each of the two molecules within the asymmetric unit (described further under "Materials and Methods"). Given the R factor of 0.36 at 3.0-A resolution and the ability of model phases to correctly predict the positions of the platinum and iodouridine substitution sites, we felt the orientations and positions of the two molecules in the asymmetric unit of the crystal to be well confirmed. Fig. 5Ashows the distribution of the eight RNase B molecules in the monoclinic unit cell.
Refinement of the Protein Structure-The two molecules were simultaneously rigid body refined to convergence as increasing ranges of sin B were incorporated into the procedure. Protein side group dihedral angles were then refined to convergence using the restrained dihedral angle option of CORELS in groups of 25 residues using 10.0-3.0-A data. After two passes through the sequences of both molecules, side group refinement converged with an R factor of 0.35. The main chain was then refined by treating the two molecules as 248 constrained groups (one group for each amino acid residue) restrained by the peptide bond-linking groups. The main chain refinement was also carried out in groups of 25 residues where each segment was refined until convergence before treatment of the next. After two passes through the sequence, the R factor was reduced to 0.257. The data to 2.5 A was then incorporated into the refinement and the side group dihedral angles and main chain parameters were simultaneously refined in groups of 25 residues until the R factor had converged to 0.256 with an overall root mean square deviation from ideal distances of 0.064 A. The temperature factors of all residues were refined for five cycles with a damping factor on shifts of 0.1 and strong weights on the geometry to maintain ideality. This resulted in an overall R factor of 0.225. Subsequently, the side group dihedrals and main chain parameters were again simultaneously refined, producing little change in the R factor. Table I and T = 131.23 A, 70.68 A, 22.9 A. We noted that application of this transformation to the platinum and iodouridine substitution sites on one molecule also resulted in near exact superposition upon the corresponding sites of the second molecule.
Using the same rigid body least squares procedure, the (Y carbon coordinates of each molecule in the asymmetric unit were fitted to the refined RNase A model structure of Wlodawer and Sjolin (19) and the difference in root mean square atomic positions minimized. The residual differences were then analyzed as a means of comparing the structures. As shown in Table  11 , the average overall deviation for one Measures of the ideality of geometrical parameters at the end of refinement are shown in Table 111 . For one molecule in the unit cell (referred to from this point as molecule I), that nearest the dyad axis, the regions of polypeptide chain that deviated most from the starting model were residues 15-23, 35-39, 100-104, and 113-115. Exactly the same regions deviated most for the second molecule as well, with the addition of residues 1-3 and 95. We noted that residues 15-23 are the same residues which were poorly defined in the trigonal crystal structure of RNase S described by Wyckoff et al. (28) and the same region in which Wlodawer and Sjolin (19) refitted that earlier model. It seems likely that this is a rather mobile or flexible region that can vary depending on crystal packing. The relatively high temperature factors observed for the groups in these segments tend to support that contention. All of the other regions of significant variation are small loops that are but little constrained by interactions with the remainder of the molecule and thus might be expected to show such behavior.
Of particular interest is a comparison of the positions of the amino acid residues in the active site of RNase B with the equivalent residues in the refined RNase A active site. Ten residues known to be involved in substrate binding and catalysis from previous biochemical and crystallographic studies (2-4) were again subjected to the least squares procedure used for the entire molecule. Table I1 shows the average deviation in angstroms for both molecules of RNase B in the asymmetric unit as compared with RNase A as well as with each other. As seen in Table IV , the active site residues have a slightly lower deviation in position between the two molecules of RNase B and RNase A, suggesting that the configuration of amino acid groups at the active site is somewhat more rigid than for those of the protein overall. The exceptions to this for both molecules are lysines 7 and 66 and histidine 119. When the active site residues of the two molecules of RNase B in the asymmetric unit are similarly compared, the deviation in position is about the same, and has a similar distribution as in the comparison with RNase A. If we assume that the active site conformations of the two RNase B molecules are the same and that their mean difference represents the error in the structure determination and not true differences, then we are led to conclude that there is no statistically significant difference in the conformation of the protein in the immediate area of catalysis, the active site, between RNase A and RNase B. Note that the centers of mass of the molecules in both unit cells are virtually the same and that the orientations of the molecules packed closely about the dyad are also nearly identical. There is a striking difference, however, in the orientation of the second molecule when one compares the two unit cells. (30) The similarity of the cell dimensions suggested to us, initially, that the arrangement of molecules in the RNase B crystal was probably the same as in the corresponding RNase S cell of Mitsui and Wyckoff (30) . Repeated and extensive attempts to refine our C2 crystal using two ribonuclease A molecules, taken as rigid bodies, in the arrangement proposed by Mitsui and Wyckoff were unsuccessful, failing to produce in any instance an R factor less than 0.54 using all data to 3.0-A resolution. As described above, we ultimately solved independently the structure of the RNase B crystal by molecular replacement techniques assisted by heavy atom derivatives. Having done this, we were then able to compare the orientations and positions of the two molecules in the asymmetric unit of our unit cell with the corresponding orientations and positions described by Mitsui and Wyckoff (30) and by Torii et al. (31) . 67.3, and y = 73.17. Thus, the unit cell in which ribonuclease B crystallizes must be packed in a somewhat different manner than that of the C 2 form of ribonuclease S. Fig. 5, A and B The difference in orientations of the molecules responsible for the noncoincidence is something close to a rotation of about 90". Given that the two crystals were grown from totally different precipitant systems (RNase S from (NH4),S04 and RNase B from polyethylene glycol) and that one crystal is composed of glycosylated RNase B and the other of proteolytically cleaved RNase S, then the alteration in packing is perhaps not surprising.
Mitsui and Wyckoff
Zodouridine Binding-Using phases calculated from the 2.5-A refined protein structure, a difference Fourier map was calculated for the iodouridine-derivitized crystals using coefficients ( IFIu I -I FNAT I) at 5.0-A resolution, the limit to which we collected the complex data. While this is relatively low resolution, the iodine atoms are extremely electron-dense and would be expected to clearly mark the positions of any bound iodouridine molecules. Indeed, the difference map contained two independent peaks that were substantially above the background level. The two sites, as noted above, are exactly related by the noncrystallographic transformation that superimposes one RNase B molecule in the asymmetric unit upon the other. Thus, in terms of ligand binding, the two molecules of RNase B in the asymmetric unit demonstrate common features.
The two sites, which are the same on the two RNase B molecules, correspond very closely with the previously described pyrimidine binding site (site B1 in the nomenclature of Richards and Wyckoff (2)). Perhaps somewhat unexpectedly, we can discriminate, even a t 5.0-A resolution, two parts to the density belonging to the iodouridine peaks which are shown superimposed on the RNase structures in Fig. 6 , A and B. Again, they are the same for both active site bound ligands and superimposable as two lobes by the noncrystallographic transformation. While the major density lobe, almost spherical, lies adjacent to threonine 45, valine 43, and alanine 122 in the B1 site, the subsidiary lobe is a bit more elongated and fills very well the ribose binding site, R1, also identified by previous crystallographic studies of ligand complexes (2, 3, 33-36). Its closest amino acid residues are the c-amino groups of Lys-41 and Lys-66 and the side chain of Phe-120. Thus, we believe we can discriminate in the difference map the relative disposition of the ribose and the halogen atom attached to the base of the iodouridine. Evident in Fig. 7 , is that two molecules related by the dyad axis in the C2 unit cell at x = ?h, z = ?h are packed so that their symmetry related active sites are very closely juxtaposed. This was noted by Mitsui and Wyckoff (30) as well for iodouridine binding to RNase S. As a consequence, two dyad symmetry related iodouridines are virtually in contact across the %fold axis. This probably explains in part why the Patterson map for this derivative was ambiguous, since not only did it have two substitution sites, but the Harker vector for one of them fell in the origin and was lost. In any case, it appears that the two iodine atoms are in virtual van der Waals contact across the axis and that the bound, symmetrically placed iodouridines completely fill the constricted cavity created by the two active sites about the crystallographic dyad axis.
Zon Binding to RNase B-When the structure of the crystal had been refined to convergence at 2.5 A with an R = 0.22, a difference Fourier synthesis was computed with coefficients 1 F, 1 -1 F, I and phases calculated from the structure. In this map, a set of strong, roughly spherical peaks of density was observed to be present. Inspection showed that, in some cases, they were related in pairs by the same transformation that related the two molecules in the asymmetric unit. That is, peaks were associated in the same way with each of the two RNase molecules. All of the peaks were found in solvent regions at the surface of protein molecules and all were located immediately adjacent to charged groups on the protein. They were, therefore, presumed to be bound ions.
These ions, eventually nine in all, were too prominent to be either noise or bound clusters of water molecules. When entered into the least squares refinement procedure, they refined with rather low temperature factors and occupancies of from 12 to 16 electrons. Based on their nearest neighboring amino acid side chains, most we judged to be anions rather than cations. We are not certain as to the source of these bound ions since the solutions were not buffered nor were salts added. They may have been carried in the original protein samples or acquired during the crystallization process. Indeed, Jurnak (37) has pointed out the presence of significant amounts of various endogenous anions in polyethylene glycol, and has shown the influence of these ions in the case of a t least one crystalline protein. In any case, their concentration in the mother liquor is certainly no higher than one would find in physiological fluids, thus it seems likely to us that the ions we find in these crystals may reflect, a t least in part, the 
FIG. 7. Two molecules (I) of
RNase B are very closely coupled by the crystallographic 2-fold axis so that their symmetry related active site clefts are juxtaposed thus producing a narrow channel along the dyad. Shown here is the difference electron density due to two bound and symmetry related molecules of iodouridine. The two ligands are so close to one another that the pair of iodine atoms are in virtual van der Waals contact across the 2-fold axis, and the narrow channel between the molecules fully obstructed.
B x
distribution occurring under in vivo conditions. Lys-41, His-12, and His-119. It corresponds to the P site (in A particularly prominent pair of ion sites was found in the the nomenclature of Richards and Wyckoff (2)) and at the active site cavities of both molecules I and I1 of the asymmet-site found by McPherson et al. (14) for a 5"terminal phosric unit and these are shown in Fig. 8, A and B . One ion site phate group in the crystalline complex between RNase A and was identical between the two pairs and the other was not. d(pA),. In molecule I, an ion site occurs very near the guaniThe strongest site, which was common to both molecules, was dinium group of arginine 85 at a position postulated by located exactly at the active center in the triangle formed by McPherson et al. (38) to be the likely binding site of the 8 . In A is shown the difference electron density produced by a particularly prominent pair of bound ions found in the active site cleft of RNase B molecule I. In B is shown a second pair bound in the active site cleft of molecule 11. Note that one of the sites is common to both pairs while the second ion site of each pair is somewhat different.
FIG.
6
LEU ' R .cu R "next" phosphate group of a polynucleotide chain (in the 5' direction) when bound to RNase. We noted that when the difference density belonging to iodouridine (described below) is superimposed on the active site, it exactly fills the interval between these two ion sites. This further suggests that the two sites may mimic the positions of consecutive phosphate groups of a bound polynucleotide. In molecule 11, however, the second ion binding site appears much nearer the t-amino group of lysine 66.
Ions were also seen liganded in apparently stable fashion to lysine 61 of molecule 11, to arginine 39 of molecule I, and at the N-terminal lysine I of molecule I. There are also instances of ions bound between molecules within the crystalline lattice and these, presumably, contribute to the formation and maintenance of the crystal. One such ion is trapped immediately between lysine 107 on one molecule and arginine 39 of another. The importance of these ions in crystal growth may indeed be significant given the rather sparse contacts between molecules I and I1 that otherwise exist.
The Ruthenium Derivative-Treatment of RNase A with ruthenium pentaamine has been reported to produce selective modification of histidine residues, with histidine 105 being most reactive followed by histidines 119 and 12 (39-41) . A difference Fourier map computed with coefficients (I FRUTH I -I FNAT 1) and phases calculated from the refined structure, demonstrated the presence of several major sites of binding. The sites fell into two distinct classes, those immediately adjacent to the imidazole groups of certain histidines, and those close to the side chains of Glu, Asp, Gln, and Asn.
On both molecules I and I1 within the asymmetric unit, strong density peaks were associated with histidine 105. On molecule I the binding appeared to be quite isomorphous. The ruthenium site was less than 3.0 A from the imidazole ring and there was no density difference to suggest movement of protein. On molecule 11, however, the ruthenium peak was about 5.5 A from the imidazole, but there was also positive and negative density of significant magnitude in the immediate vicinity that could be explained by assumption of small conformational changes. These presumably were a consequence of the histidine-ruthenium attraction. On molecule I, there was a site less than 3.0 A from the side group of histidine 119 and again, some evidence of conformational change even though the distance is quite acceptable, even assuming the native position. On molecule 11, a ruthenium site is trapped between histidine 12 and glutamine 11. The distance to the histidine side chain is less than 3.0 A. Although in a solvent region, there is a strong peak of density directly between glutamine 69 on molecule I1 and glutamine 69 on molecule I. Thus, the ruthenium ion bridges between two noncrystallographically identical glutamine side chains. Minor peaks, presumably also the ionic form of the ruthenium pentaamine, are found very near the side chains of aspartic acid 38 and glutamic acid 111. A more complete description of the crystallographic results of the reaction between RNase B as well as the RNase A + d(pA), complex is given elsewhere (42) .
The Oligosaccharide Moiety-Asparagine 34, to which the carbohydrate chain is attached, of both molecules I and I1 of RNase B within the asymmetric unit of the monoclinic crystal are bordering directly on large solvent cavities in the crystal, and neither is obstructed or constrained by lattice interactions. Although determining the conformation of the oligosaccharide moiety was a major objective of this investigation, the results we have obtained in this regard are somewhat disappointing. We can see distinct chains of density peaks extending from Asn-34 directly out into the solvent cavities between molecules as shown for molecule I1 in Fig. 9 . The chains, however, are discontinuous in places, and are not the same in density distribution for both molecules I and 11. They cannot, except with liberal stereochemistry, be interpreted in terms of the known carbohydrate sequence. Given the density that we observe, and which we are convinced represents the carbohydrate chain, we are inclined to conclude that the oligosaccharide chains of both molecules are extended into the solvent in an essentially disordered manner. They do not appear to loop around and re-engage the protein at another point, nor do they seem to' form bridging interactions with other molecules in the lattice. The disordered nature of the carbohydrate chains that we observe is consistent with predictions based on other techniques (8, 9) and is not very different than the disposition of oligosaccharide chains on other glycoproteins whose structures have been investigated by x-ray crystallography (43) (44) (45) .
Intermolecular Crystal Contacts- Fig. 5A , the projection along the b crystallographic axis of all of the protein polypeptide backbones within one C2 unit cell of RNase B, shows the packing of the molecules. The unit cell is, for the most part, a very open structure with large solvent channels, some clearly visible running parallel with b, permeating the cell. As seen in Fig. 10 , there are very few close interactions to be found between the two independent molecules I and I1 of RNase B in the asymmetric unit. Two RNase B molecules I1 related by a 21 screw axis show even fewer contacts.
The only extensive network of close interactions occurs between 2 eq of molecule I that are related by the 2-fold axis of symmetry at x = ?h, z = Y 2 . As seen in Fig. 7 , the active site clefts of two symmetry equivalent molecules I are closely coupled about the dyad. Although there are numerous contacts, one interaction stands out. This is the electrostatic bridge that clearly exists between the guanidinium group of arginine 85 on one molecule and the carboxylate group of aspartic acid 121 on the other. This is seen in detail in Fig.  11 . Because of the dyad axis, the symmetry related linkage between Asp-121 and Arg-85 is repeated at the interface. Thus, the predominant interaction is a pair of 2-fold symmetry related salt bridges formed about the crystallographic dyad axis.
We conducted a detailed analysis of the intermolecular contacts around the dyad axis in the C2 unit cell and compared them with those found for two molecules related by a dyad axis in the unit cell of RNase S solved by Wyckoff et al. (46) . The interactions were virtually identical. The only differences in contacts around the P31212 dyad and the C2 dyad are among residues 14-23. This is an amino acid segment that is probably most affected in the process of RNase S formation by proteolytic cleavage of the intact polypeptide chain. Thus, we conclude that the 2-fold axis in the C2 unit cell and the interactions it creates are identical in most respects for both the monoclinic and the trigonal unit cell. Mitsui and Wyckoff (30, 31) reported this same dyad relationship a third time in the C2 monoclinic crystals of RNase s.
DISCUSSION
The crystal of RNase B which we report here is quite similar to the monoclinic crystal of RNase S described by Mitsui and Wyckoff (30, 31) except that one of the two molecules in the asymmetric unit has undergone a rotation of about 90" with respect to the other. This apparently is accommodated by the larger c axis in the RNase B crystal (73.6 A) with respect to that in the RNase S cell (69.5 A). The change in packing is not unreasonable given that the RNase B crystals were grown a t low ionic strength from polyethylene glycol and the RNase S crystals from high ionic strength ammonium sulfate solutions. The case here may sound a note of caution against assuming that similarities in cell parameters necessarily imply a coincidence in packing.
FIG. 9.
RNase B molecule I and the difference electron density associated with asparagine 34 that extends into a solvent cavity in the crystal. As can be seen here, the density forms an apparent chain with branches and it is tempting to fit a polysaccharide chain to the density. This has not, however, been done successfully with maintenance of proper stereochemistry. Some degree of disorder is assumed. The intermolecular bonding in these crystals is interesting in that a single very strong interaction, the salt bridge between aspartic acid 121 and arginine 85, apparently directs the formation of the dyad interface. This is the same dyad relationship found to be present in the RNase S C2 monoclinic crystal (30, 31) and the RNase S P3,Z12 crystal (46). Aside from this very clear linkage, one is hard pressed to identify the forces that hold the crystal together. There are few contacts between two molecules related by the Z1 axis and no more between the two molecules that comprise the asymmetric unit. This is perhaps even more puzzling when it is noted that the crystals discussed here have, if anything, less solvent volume than most other protein crystals ( 2 5 ) , grow to a final size that is significantly larger than most others, and diffract to a very high resolution. We suspect that the array of ions we observe bound in the crystal that form numerous intermolecular cross-links may provide at least a partial explanation.
The structures of the two molecules in the asymmetric unit of this RNase B crystal were determined independently since they were not related by crystallographic symmetry nor were any assumptions requiring their identity made in the analysis. Therefore, deviations from one another might be used as a The oligosaccharide moiety of RNase B, in the crystal described here, extends into solvent and is for the most part disordered. Density belonging to the sugar residues is clearly visible in difference Fourier maps but is not immediately interpretable in terms of the known sequence. The oligosaccharide in this crystal does not seem to contact the protein except at the covalent attachment point, and appears to have no real influence on the conformation of the protein. This is in agreement with other measurements (8, 9) , that suggested no interaction between oligosaccharide and protein. The re-sults reported here shed little light on the mechanism by which RNase B degrades double-stranded RNA more efficiently than RNase A. It may result from some interaction involving the oligosaccharide and the DNA or by enhancement of some protein property such as solubility which may not depend on the conformation of the molecule.
Our observation that iodouridine binds exactly the same at the pyrimidine binding sites of both molecules in the asymmetric unit supports the already existing evidence for this as a major component in nucleic acid binding.
In addition, it demonstrates that two molecules of RNase B, I and 11, bind substrate in the same manner even though they are packed very differently in the crystalline lattice. It further implies an identical interaction of RNase B with this limited substrate as that found for RNase A, a finding supported as well by kinetic data (47).
The distribution of ion binding sites in this crystal of RNase B is also of some relevance. Even though the ionic strength was maintained very low and no counterions were added to the mother liquor, numerous ion binding sites were clearly present at the surface of the molecules. Although most of these ions are obviously counter anions to the basic groups on lysine and arginine residues, we think it noteworthy that the most outstanding and well defined ion sites were those occurring at the active site where phosphate groups of bound nucleic acid might otherwise be present. Clearly, there is some unusual electrostatic focus at the active site that produces a pronounced attraction for free anions. This same feature undoubtedly contributes to the initial engagement of singlestranded nucleic acid at the active site.
The reports in the literature that ruthenium pentaamine reacts principally with histidine residues and on RNase first with His-105 and then more weakly with His-12 and -119 (16-18) seems to be confirmed by our observations. Both histidine 105 residues in the asymmetric unit are associated with large density peaks and liganding is likely in both cases. Histidine 12 on one molecule of RNase B and histidine 119 on the other are ligands to ruthenium, but in neither case do both exhibit simultaneous binding on the same protein molecule. We also observe several ruthenium sites that probably represent the ionic form of the ligand since they are associated closely with Asp(Asn) or Glu(G1n) side chains. Thus, in the crystal at least, coordination of ruthenium with histidine is not the only, although it is probably the strongest, mechanism for binding to proteins.
The results of this study, we believe, demonstrate rather convincingly that the structure of RNase A and RNase B are essentially identical and that glycosylation does nothing to affect the protein's conformation. There does not appear, then, to be an obvious structural basis for observations of functional and mechanistic differences such as the ability to degrade double-stranded RNA. The overall similarity of the two molecules in the asymmetric unit and their similarity to RNase A and RNase S suggest strongly that crystal packing interactions and lattice forces do little to perturb the native protein structure.
